Toll-like receptors (TLRs) constitute a major class of pattern recognition receptors that are involved in discrimination of "self" from "nonself" by the innate immune system. 1 So far, 12 TLRs have been identified in mammals, and each TLR appears to recognize a unique set of highly conserved microbial structures or products known as pathogenassociated molecular patterns. 2 On recognition of pathogen-associated molecular patterns, all TLRs, except TLR3, trigger a series of signaling cascades through the common adaptor protein, myeloid differentiating factor 88 (MyD88), that binds the cytosolic domain of TLR, the Toll/interleukin-1 (IL-1) receptor domain, and the death domain of the IL-1 receptor-associated kinase, leading to activation of nuclear factor-B (NF-B) that is critical for induction of innate immunity to a given microbial challenge. 2 The TLR-MyD88 pathway also plays an important role in adaptive T-cell immunity. 3 It has been thought that this is mainly achieved by the engagement of TLRs on antigen-presenting cells (APCs), such as dendritic cells (DCs), which promote DC function, including upregulation of costimulatory molecules, 4 enhancement of antigen processing 5 and presentation, 6 as well as secretion of Th1 polarizing proinflammatory cytokines by the DCs. 7, 8 However, recent studies have shown that TLRs are also expressed on T cells 9 and that, in vitro, various TLR ligands directly promote proliferation of CD3 monoclonal antibodystimulated T cells 10-13 as well as their survival in the absence of APCs. 13, 14 It remains to be defined whether direct TLR signaling on T cells is critical for adaptive T-cell responses to a bona fide infection in vivo.
Introduction
Toll-like receptors (TLRs) constitute a major class of pattern recognition receptors that are involved in discrimination of "self" from "nonself" by the innate immune system. 1 So far, 12 TLRs have been identified in mammals, and each TLR appears to recognize a unique set of highly conserved microbial structures or products known as pathogenassociated molecular patterns. 2 On recognition of pathogen-associated molecular patterns, all TLRs, except TLR3, trigger a series of signaling cascades through the common adaptor protein, myeloid differentiating factor 88 (MyD88), that binds the cytosolic domain of TLR, the Toll/interleukin-1 (IL-1) receptor domain, and the death domain of the IL-1 receptor-associated kinase, leading to activation of nuclear factor-B (NF-B) that is critical for induction of innate immunity to a given microbial challenge. 2 The TLR-MyD88 pathway also plays an important role in adaptive T-cell immunity. 3 It has been thought that this is mainly achieved by the engagement of TLRs on antigen-presenting cells (APCs), such as dendritic cells (DCs), which promote DC function, including upregulation of costimulatory molecules, 4 enhancement of antigen processing 5 and presentation, 6 as well as secretion of Th1 polarizing proinflammatory cytokines by the DCs. 7, 8 However, recent studies have shown that TLRs are also expressed on T cells 9 and that, in vitro, various TLR ligands directly promote proliferation of CD3 monoclonal antibodystimulated T cells [10] [11] [12] [13] as well as their survival in the absence of APCs. 13, 14 It remains to be defined whether direct TLR signaling on T cells is critical for adaptive T-cell responses to a bona fide infection in vivo.
To address this question, we used a model of CD8 T-cell responses to an acute infection with vaccinia virus (VV) in vivo. We have recently shown that innate immune recognition of VV is mediated by TLR2 and dependent on MyD88 and that this TLR2-MyD88 pathway is critical for adaptive CD8 T-cell immunity against VV infection in vivo. 15 In this study, we sought to gain a clearer understanding of the role of direct TLR2-MyD88 signaling in CD8 T-cell responses by examining the behavior of TLR2-deficient (TLR2 Ϫ/Ϫ ) and MyD88-deficient (MyD88 Ϫ/Ϫ ) CD8 T cells in wild-type (WT) recipients in response to VV infection in vivo. We observed that both TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ CD8 T cells had a severely diminished clonal expansion in response to VV infection. However, their ability to produce interferon-␥ (IFN-␥) on a per-cell basis appeared not to be affected. The reduced clonal expansion of MyD88 Ϫ/Ϫ CD8 T cells was not caused by a defect in T-cell activation but by poor survival of the activated T cells. Furthermore, long-lived memory CD8 T cells could not develop in the absence of direct TLR2-MyD88 signaling. We further demonstrated that direct TLR2 stimulation on CD8 T cells enhanced their proliferation and survival in vitro, which was dependent on activation of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway. In addition, the activation of Akt was required for CD8 T-cell survival and memory cell formation in vivo. Collectively, our data indicate that direct TLR2-MyD88 signaling in CD8 T cells is required for CD8 T-cell clonal expansion, survival, and formation of long-lived memory cells via activation of the PI3K-Akt pathway after VV infection in vivo and highlight a previously unappreciated role for TLR signaling in regulating adaptive T-cell responses via direct action on antigen-specific CD8 T cells.
Methods

Mice
B10.D2 and RAG-2 Ϫ/Ϫ mice on the B10.D2 background were purchased from The Jackson Laboratory (Bar Harbor, ME) and Taconic Farms (Germantown, NY), respectively. TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice were kindly provided by Dr Shizuo Akira (Osaka University, Osaka, Japan) and have been backcrossed for 9 generations onto the B10.D2 genetic background. Clone 4 HA-TCR-transgenic mice were a gift from Dr Linda Sherman (Scripps Research Institute, La Jolla, CA) and possess a T-cell receptor (TCR) that recognizes a K d -restricted hemagglutinin (HA) epitope ( 518 IYSTVASSL 526 ). 16 These mice were backcrossed to the Thy1.1, B10.D2 background for at least 9 generations. We also intercrossed clone 4 HA-TCR-transgenic mice with MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ mice to generate MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ clone 4 HA-TCR mice, respectively.
All mice used for experiments were between 6 and 10 weeks of age. All experimental procedures involving the use of mice were done in accordance with protocols approved by the Animal Care and Use Committee of the Duke University Medical Center.
Adoptive transfer and vaccination
For adoptive transfer of clone 4 CD8 T cells, single-cell suspensions were prepared from pooled spleen and peripheral lymph nodes of WT, MyD88 Ϫ/Ϫ , or TLR2 Ϫ/Ϫ clone 4 HA-TCR-transgenic mice and subjected to 2 rounds of CD8 ϩ selection via anti-CD8 microbeads (Miltenyi Biotec, Auburn, CA). Purified CD8 T cells were then transferred into recipient mice through tail vein injection.
For transfer of endogenous polyclonal T cells, spleen and peripheral lymph nodes from WT, MyD88 Ϫ/Ϫ , or TLR2 Ϫ/Ϫ mice were pooled and made into single-cell suspensions, which then underwent 2 rounds of CD8 ϩ selection using anti-CD8 microbeads. Flow-through from the CD8 ϩ selection of WT cells was collected and subjected to CD4 ϩ selection using anti-CD4 microbeads (Miltenyi Biotec). Cells were injected into RAG-2 Ϫ/Ϫ recipients via the tail vein.
Recombinant vaccinia virus encoding HA (rVV-HA) and adenovirusencoding HA (Ad-HA) has been previously described. 17 In all experiments, mice were infected with either rVV-HA or Ad-HA intraperitoneally.
Antibodies and flow cytometry
Monoclonal antibodies used for staining were CyChrome-conjugated anti-CD8; fluorescein isothiocyanate-conjugated anti-CD62L, anti-CD69, anti-CD4, and anti-IFN-␥; phycoerythrin-conjugated anti-Thy1.1, anti-Thy1.2, anti-CD44, anti-CD25, and annexin V; allophycocyanin-conjugated anti-IFN-␥ and streptavidin; and biotinylated anti-Thy1.1 (all from BD Biosciences, San Jose, CA). Collection of flow cytometric data was carried out using a FACSCanto (BD Biosciences), and events were analyzed using CellQuest or FACS DIVA software (BD Biosciences).
Intracellular cytokine staining
The intracellular staining was performed as previously described. 15, 17 Briefly, for clone 4 CD8 T cells, cells were incubated with 2 g/mL of the K d -HA 518-526 peptide in the presence of 5 g/mL brefeldin A for 6 hours at 37°C. For polyclonal CD8 T cells, cells were stimulated with 2 g/mL of the VV-specific peptide F2L ( 26 SPYAAGYDL 34 ) 18 for 6 hours at 37°C in the presence of 5 g/mL brefeldin A. After washing, cells were stained with surface markers and permeabilized to detect intracellular IFN-␥ using the Cytofix/Cytoperm Kit (BD Biosciences).
In vitro stimulation of T cells
Carboxyfluorescein succinimidyl ester (CFSE)-labeled WT CD8 T cells were placed into culture in 96-well plates in 200 L total volume at a concentration of 2 ϫ 10 5 cells/well in RPMI 1640 medium supplemented with 10% fetal bovine serum and recombinant murine IL-2 (100 U/mL). Cells were stimulated with 1 g/mL plate-bound anti-CD3 antibody alone, or plate-bound anti-CD3 antibody coupled with 10 g/mL plate-bound anti-CD28, 2 g/mL Pam 3 Cys with or without addition of 10 M of the PI3K inhibitor LY294002, 100 ng/mL lipopolysaccharide (all from SigmaAldrich, St Louis, MO), or 5 g/mL cytosine-phosphate-guanosine (CpG) oligodeoxynucleotide (5Ј-TCCATGACGTTCCTGATGCT-3Ј; Integrated DNA Technologies, Coralville, IA). After 18 hours of stimulation, T cells were removed from stimulation, washed once, and placed back into culture in T-cell media supplemented with 100 U/mL IL-2 in the absence of further stimulation for a total of 4 days. For Western blot analysis, cells were removed from stimulation at 6, 12, and 18 hours, washed once, and total cell lysates were obtained for analysis.
RNA isolation and semiquantitative RT-PCR
Total RNA was isolated from CD8 T cells using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. One-step semiquantitative reverse-transcription polymerase chain reaction was performed using 5-fold serial dilution of template RNA and primers specific for TLR2 (forward 5Ј-TTGCTCCTGCGAACTCCTAT-3Ј, reverse 5Ј-CAATGGGAATCCTGCTCACT-3Ј), TLR3 (forward 5Ј-CCCCCTTT-GAACTCCTCTTC-3Ј, reverse 5Ј-TTTCGGCTTCTTTTGATGCT-3Ј), TLR4 (forward 5Ј-GCTTTCACCTCTGCCTTCAC-3Ј, reverse 5Ј-CGAGGCTTTTCCATCCAATA-3Ј), TLR7(forward 5Ј-GGTATGCCGC-CAAATCTAAA-3Ј, reverse 5Ј-TTGCAAAGAAAGCGATTGTG-3Ј), TLR8 (forward 5Ј-CAAACAACAGCACCCAAATG-3Ј, reverse 5Ј-GGGGGCACATAGAAAAGGTT-3Ј), TLR9 (forward 5Ј-GCAAGCT-CAACCTGTCCTTC-3Ј, reverse 5Ј-TAGAAGCAGGGGTGCTCAGT-3Ј), and ␤-actin (forward 5Ј-AGCCATGTACGTAGCCATCC-3Ј, reverse 5Ј-CTCTCAGCTGTGGTGGTGAA-3Ј).
Western blot analysis
Western blot analysis was conducted as previously described. 19 Briefly, samples were transferred to a nitrocellulose membrane after separation on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (Bio-Rad, Hercules, CA). Membranes were blotted overnight at 4°C with anti-phosphoAkt (Ser473; Cell Signaling Technology, Danvers, MA), washed 3 times, probed with an Alexa Fluor 680-conjugated anti-mouse Ig secondary antibody (Invitrogen, Carlsbad, CA), followed by visualization using the Odyssey infrared imaging system (LI-COR). Membranes were then stripped and probed with an anti-total Akt antibody (Cell Signaling Technology) to serve as a loading control.
Retrovirus preparation and infection
Preparation of retrovirus was performed as previously described. 19 The retroviral constructs pMSCV encoding green fluorescent protein (GFP), and pMSCV-dn-Akt (D462*) encoding GFP, and dominant-negative Akt retroviral vectors were gifts from Z. Songyang (Baylor College of Medicine, Houston, TX). Retroviral transduction was performed as previously described. 20 Briefly, freshly prepared retroviral supernatants were added to the HA-specific CD8 T cells in 96-well culture plates 36 hours after activation with 40 ng/mL phorbol-12-myristate-13-acetate and 500 ng/mL ionomycin in the presence of 8 g/mL polybrene and murine IL-2 (100 U/mL). Cells were then centrifuged at 1300g for 2 hours at 25°C. Media containing the retroviral supernatant were removed after an additional 6 hours at 37°C, and the transduction procedure was repeated the following day. Two days after the second transduction, GFP ϩ CD8 ϩ T cells were sorted by fluorescenceactivated cell sorter (FACS) using a high-speed cell sorter FACSVantage (BD Biosciences) and 3 ϫ 10 3 cells were injected intravenously into naive B10.D2 mice.
Statistical analysis
Results were expressed as mean plus or minus SD. Differences between groups were examined for statistical significance using the Student t test.
Results
Defective generation of virus-specific effectors on VV infection in the absence of TLR2-MyD88 signaling in CD8 T cells
To investigate the role of direct TLR signaling in the CD8 T-cell response, we first examined the expansion of endogenous CD8 T cells on VV infection in vivo. We purified CD8 T cells from WT,
For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From MyD88 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ mice and transferred them into RAG-2-deficient (RAG-2 Ϫ/Ϫ ) mice. These WT, MyD88 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ CD8 T cells displayed a similar naive phenotype of CD44 low CD62L high CD25 low CD69 low before transfer ( Figure S1A , available on the Blood website; see the Supplemental Materials link at the top of the online article). Because CD4 T cells have been shown to play a critical role in CD8 T-cell immunity, 21 we also cotransferred WT CD4 T cells along with the CD8 T cells into RAG-2 Ϫ/Ϫ recipients. Seven days later, all transferred CD8 T cells maintained a phenotype of CD25 low CD69 low but showed upregulation of CD44 and down-regulation of CD62L ( Figure S1B ), suggesting that these T cells were partially activated during homeostatic proliferation. In addition, all of them demonstrated the ability to produce IFN-␥ on stimulation with phorbol-12-myristate-13-acetate/ionomycin ( Figure S1C ). Furthermore, the splenic absolute numbers of CD8 T cells were comparable among mice transferred with WT, MyD88 Ϫ/Ϫ , or TLR2 Ϫ/Ϫ CD8 T cells ( Figure  S1D ), suggesting that homeostatic proliferation and homing of WT, MyD88 Ϫ/Ϫ , and TLR2 Ϫ/Ϫ CD8 T cells were similar. Similar results were obtained when cells were analyzed 14 days after transfer (data not shown), suggesting that sufficient homeostatic expansion of CD8 T cells was achieved after 7 days in RAG-2 Ϫ/Ϫ mice. Mice were then infected with VV, and splenocytes were analyzed 7 days later for the percentage and absolute number of VV-specific CD8 T cells by IFN-␥ intracellular staining on restimulation with VV-specific immunodominant epitope peptide. 18 Mice transferred with WT CD8 T cells had a significant (P Ͻ .001) expansion of virus-specific CD8 T cells on VV infection compared with the uninfected naive mice ( Figure 1 ). In contrast, in mice transferred with MyD88 Ϫ/Ϫ or TLR2 Ϫ/Ϫ CD8 T cells, the expansion of virus-specific CD8 T cells was significantly (P Ͻ .001) reduced ( Figure 1 ). These results indicate that direct TLR2-MyD88 signaling is required for the generation of virus-specific CD8 effectors on VV infection in vivo.
Clonal expansion is severely compromised in MyD88 ؊/؊ and TLR2 ؊/؊ -transgenic T cells on VV infection in vivo
What then contributed to the defective generation of VV-specific CD8 effectors in the absence of direct TLR2-MyD88 signaling on VV infection in vivo? To address this question, we used a model of influenza HA-specific CD8 T-cell response to infection with rVV-HA. We first intercrossed the clone 4 HA-TCR-transgenic mice that express a TCR recognizing a K d -restricted HA epitope ( 518 IYSTVASSL 526 ) 17, 19, 22, 23 with MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ mice to generate MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ clone 4 CD8 T cells, respectively. We then transferred 10 4 of purified naive WT, MyD88 Ϫ/Ϫ , or TLR2 Ϫ/Ϫ clone 4 CD8 T cells (Thy1.1 ϩ ) into WT recipients (Thy1.2 ϩ ) that were subsequently infected with rVV-HA. To assess relative contribution of TLR-induced maturation of APC function to CD8 T-cell priming, we also transferred WT clone 4 CD8 T cells into MyD88 Ϫ/Ϫ hosts followed by rVV-HA infection. Seven days after infection, splenocytes were analyzed for clonal expansion and effector differentiation of the clone 4 CD8 T cells. Massive clonal expansion and effector differentiation, as measured by the production of IFN-␥, were detected in WT mice that received WT clone 4 CD8 T cells (Figure 2A,B) . By contrast, the extent of clonal expansion was significantly (P Ͻ .001) diminished when MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ clone 4 CD8 T cells were transferred into WT mice (Figure 2A,B) . However, the effector differentiation of MyD88 Ϫ/Ϫ and TLR2 Ϫ/Ϫ clone 4 CD8 T cells appeared to be intact as their production of IFN-␥ on a per-cell basis (as measured by mean fluorescence intensity [MFI]) was similar to that of WT clone 4 CD8 T cells ( Figure 2C ). The diminished clonal expansion was not the result of preferential sequestration of MyD88 Ϫ/Ϫ or TLR2 Ϫ/Ϫ clone 4 CD8 T cells in other compartments as a similar degree of reduction in clonal expansion was found in several other lymphoid and extralymphoid tissues ( Figure S2 ). WT clone 4 CD8 T cells also displayed a significant (P Ͻ .05) reduction in clonal expansion in MyD88 Ϫ/Ϫ recipients, but to a lesser degree compared with that of MyD88 Ϫ/Ϫ clone 4 T cells in WT recipients (Figure 2 ). This is consistent with the notion that TLR-induced APC maturation is important for promoting adaptive T-cell responses. 3 Recent studies have demonstrated the need to closely mimic the endogenous CD8 T-cell response when transgenic T cells are used for adoptive transfer experiments. 24, 25 Therefore, we repeated the experiment using 500 WT or MyD88 Ϫ/Ϫ clone 4 CD8 T cells. After transfer of 500 clone 4 T cells, mice were infected with 5 ϫ 10 5 plaque-forming units (pfu) rVV-HA, and both transgenic and endogenous HA-specific CD8 T-cell responses were assessed 7 days later. We found that endogenous HA-specific CD8 T-cell responses were similar among all groups, including those receiving no transgenic T cells ( Figure S3 ), suggesting that transfer of 500 clone 4 T cells did not suppress the endogenous HA-specific CD8 T-cell response. Under this condition, we demonstrated once again that the clonal expansion and effector function of MyD88 Ϫ/Ϫ clone 4 T cells were significantly (P Ͻ .001) reduced compared with the WT controls ( Figure S3 ). Collectively, these results indicate that TLR2-MyD88 signaling in clone 4 CD8 T cells is critical for their clonal expansion in response to VV infection in vivo.
Direct MyD88 signaling is critical for the survival of activated CD8 T cells in vivo
We next investigated what was responsible for the defective clonal expansion of CD8 T cells in the absence of MyD88 signaling. A diminished clonal expansion could be the result of insufficient initial activation/proliferation or increased death of the activated T cells. We first investigated whether initial T-cell activation/ proliferation was affected by lack of direct MyD88 signaling. To test this, we transferred 10 6 naive WT or MyD88 Ϫ/Ϫ clone 4 CD8 T cells into WT mice followed by infection with rVV-HA. Higher clone 4 T-cell numbers were used here because transfer of 10 4 cells was below the limit of detection at early time points. At 24 hours after infection, both WT and MyD88 Ϫ/Ϫ clone 4 CD8 T cells displayed a similarly activated phenotype of CD44 high , CD62L low , CD25 high , and CD69 high compared with the naive CD8 T-cell phenotype of CD44 low , CD62L high , CD25 low , and CD69 low ( Figure  3A) . Three days after infection, both WT and MyD88 Ϫ/Ϫ clone 4 CD8 T cells underwent several rounds of division by CFSE dilution ( Figure 3B ). These data indicate that activation/proliferation of CD8 T cells in response to viral infection in vivo is not affected by a defect in intrinsic MyD88 signaling in CD8 T cells. We then asked whether CD8 T cells activated in the absence of direct MyD88 signaling were more susceptible to cell death. We used annexin V staining to assess CD8 T cells undergoing early apoptosis 7 days after infection. Indeed, MyD88 Ϫ/Ϫ clone 4 CD8 T cells displayed a significant increase in annexin V ϩ cells compared with WT clone 4 CD8 T cells ( Figure 3C ). Taken together, these results suggest that the diminished clonal expansion of CD8 T cells that lack direct MyD88 signaling is not caused by a reduction in T-cell activation but by poor survival of activated CD8 T cells.
Direct TLR2-MyD88 signaling is required for the formation of memory CD8 T cells
We next determined the ability of effector CD8 T cells that were primed in the absence of direct TLR2-MyD88 signaling to develop into long-term memory cells. After the peak of clonal expansion at day 7, WT clone 4 effector CD8 T cells in the WT recipients underwent marked contraction and those that survived differentiated into long-lasting memory cells between days 14 and 28 ( Figure 4A ). This is consistent with previous observations in other models of bacterial or viral infections. [26] [27] [28] Similarly, WT clone 4 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From effector CD8 T cells generated in the MyD88 Ϫ/Ϫ hosts were also capable of differentiating into memory cells with a reduction in memory size that was proportional to the size of effectors ( Figure  2 ). In contrast, the small number of MyD88 Ϫ/Ϫ or TLR2 Ϫ/Ϫ clone 4 effector CD8 T cells that were present by day 7 in the WT recipients could not survive the contraction phase to develop into memory cells ( Figure 4A,B) , indicating that direct MyD88 signaling is critical for the generation of long-lived memory cells. These data demonstrate that TLR2-MyD88 signaling within virus-specific CD8 T cells is required for efficient clonal expansion and formation of long-lived memory cells.
Intrinsic TLR2 signaling increases cellular proliferation and survival in vitro
To further elucidate the mechanism by which direct signaling through the TLR2-MyD88 pathway functions to promote the survival of activated CD8 T cells, we turned to an in vitro culture system. Naive polyclonal CD8 T cells were purified by 2 rounds of positive selection using CD8 microbeads with a purity of more than 97% ( Figure S4A ), which is similar to that achieved by FACS sorting (data not shown). We first showed that naive and activated polyclonal CD8 T cells express multiple TLRs, including TLR2 ( Figure S4B ). Naive WT polyclonal CD8 T cells were stimulated with plate-bound anti-CD3 alone or in combination with platebound anti-CD28 or the soluble TLR2 ligand, Pam 3 Cys. Cells were removed from stimulation after 18 hours, and cellular division and survival as measured by CFSE dilution and annexin V staining, respectively, was measured at day 4. Stimulation of WT CD8 T cells by anti-CD3 alone induced minimal increases in cell division and survival over naive, unstimulated controls ( Figure 5 ). In contrast, those cells stimulated with both anti-CD3 and Pam 3 Cys proliferated vigorously after 4 days ( Figure 5A ). This increase in proliferation was accompanied by an increase in survival, with an approximate 10-fold increase over naive cells in the percentage of cells surviving as evidenced by annexin V Ϫ staining ( Figure 5B ). This augmentation was dependent on MyD88, as CD8 T cells deficient for MyD88 showed complete abrogation of the increased proliferation and survival gained by Pam 3 Cys stimulation ( Figure  5 ). Consistent with a role for CD28 costimulation in promoting CD8 T-cell proliferation and survival, cells stimulated with both anti-CD3 and anti-CD28 plate-bound antibodies also showed an increase in proliferation and survival, but in an MyD88-independent manner ( Figure 5 ). However, CD28 costimulation only moderately enhanced the survival of CD8 T cells stimulated with anti-CD3 and Pam 3 Cys ( Figure S5 ).
The additive effect we observed with Pam 3 Cys was also seen to some extent with the addition of other various TLR ligands, most notably with the addition of CpG DNA ( Figure S6 ). This is in line with a recent report demonstrating that the addition of CpG to CD4 ϩ T cells in culture serves both a costimulatory and survival function. 12 Collectively, these data demonstrate that direct TLR signaling promotes CD8 T-cell proliferation and survival in vitro.
Stimulation of TLR2 on CD8 T cells increases activation of the PI3K-Akt pathway
We next sought to determine which signaling pathway downstream of TLR engagement was responsible for mediating the observed increase in CD8 T-cell survival. The serine-threonine Akt has emerged as an important regulator of cell survival. [29] [30] [31] [32] [33] In mature CD4 T cells, TCR stimulation as well as CD28, IL-2R, and OX-40 signaling have led to Akt activation. [34] [35] [36] [37] Furthermore, a recent study showed that stimulation of CD4 T cells with CpG DNA induced an association of PI3K with MyD88, leading to phosphorylation of PI3K downstream targets, Akt and glycogen synthetase kinase-3 (GSK-3). 12 We therefore hypothesized that direct TLR2 stimulation in CD8 T-cell survival and memory formation was mediated by the activation of the PI3K-Akt pathway. To test this, we first examined whether addition of the PI3K inhibitor LY294002 to CD8 T-cell cultures abolished CD8 T-cell proliferation and survival gained by TLR2 stimulation. Indeed, the TLR2-stimulated enhancement of CD8 T-cell proliferation and survival was dependent on activation of PI3K as addition of LY294002 blocked all increase in cellular proliferation and survival brought about by the addition of Pam 3 Cys ( Figure 5 ). However, different from CD4 T cells, CD28-mediated enhancement of survival was independent of PI3K as addition of LY294002 did not diminish cell survival ( Figure S5 ).
We next tested whether TLR2 ligation on CD8 T cells promoted activation of Akt, a downstream target of PI3K, as determined by Western blot analysis ( Figure 6 ). Our data demonstrate that addition of Pam 3 Cys increased the phosphorylation of Akt. Collectively, these observations suggest that CD8 T-cell survival and proliferation brought about by direct TLR2 ligation are dependent on the activation of the PI3K-Akt pathway. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From
Activation of Akt is required for CD8 memory formation in vivo
Our observations that MyD88 Ϫ/Ϫ CD8 T cells failed to form memory cells in vivo ( Figure 4 ) and direct TLR2 ligation on CD8 T cells increased activation of the PI3K-Akt pathway and T-cell survival ( Figures 5,6 ) suggested the importance of the PI3K-Akt pathway activation in CD8 memory T-cell formation in vivo. To address this question, WT clone 4 CD8 T cells (Thy1.1 ϩ ) were first transduced with a retroviral construct containing either GFP alone (empty) as control or GFP and a dominant negative form of Akt (dn-Akt). The transduced GFP ϩ clone 4 CD8 T cells were sorted, and 3 ϫ 10 3 cells were transferred into naive B10.D2 (Thy1.2 ϩ ) recipients that were subsequently infected with rVV-HA. At 42 days after infection, memory cell formation and functionality were assessed by challenging the mice with recombinant Ad-HA. Seven days after challenge, expansion and effector function, as assayed by intracellular staining for IFN-␥, of memory cells were determined. We found that the percentage of clone 4 HA-specific CD8 T cells was significantly reduced in mice transferred with dn-Akt-transduced T cells compared with those that received the control T cells (Figure 7) . However, the endogenous HA-specific CD8 T-cell responses were comparable between 2 groups. These data demonstrate that activation of Akt in CD8 T cells is critical for CD8 memory T-cell formation in response to VV infection in vivo.
Discussion
Recent advances have suggested a crucial role of the innate immune system in shaping adaptive immunity. 3 How activation of innate immunity promotes adaptive T-cell responses to pathogenic infection in vivo is not fully understood. It has been thought that TLR-mediated control of adaptive T-cell immunity is mainly achieved by the engagement of TLRs on APCs to promote their maturation and function. [4] [5] [6] [7] [8] In this study, we show that, in addition to TLR-induced maturation of APC function, direct TLR signaling in CD8 T cells is required for their clonal expansion in response to VV infection in vivo. This dependency on direct TLR2-MyD88 signaling for clonal expansion is achieved by promoting the survival of effector CD8 T cells because those primed in the absence of direct TLR signaling display poor survival. However, in vitro ligation of TLR2 on CD8 T cells promotes both the proliferation and survival of CD8 T cells. This is in line with the previous observation. 13 The reason why direct TLR2 signaling on VV infection in vivo only promotes CD8 T-cell survival, but not proliferation, is not clear. Because CD28 costimulation also enhances T-cell proliferation and survival, we speculate that CD8 T-cell proliferation may not be affected in the absence of TLR2 signaling in vivo because it occurs early during DC-T-cell interactions, which also provide CD28 costimulation. However, when activated CD8 T cells leave secondary lymphoid organs, their survival may solely depend on direct TLR signaling as CD28 costimulation provided by DCs is no longer available.
In addition to TLR2, CD8 T cells also express other TLRs that use MyD88 as the adaptor. Furthermore, MyD88 also mediates IL-1 receptor (IL-1R) and IL-18R signaling. 38 Although we cannot completely rule out the contribution of other TLRs or IL-1/IL-18 signaling on CD8 T cells, we think that the observed deficiency in MyD88 Ϫ/Ϫ CD8 T-cell responses to VV infection is mainly the result of a lack of TLR2 signaling for 2 reasons: (1) so far, only TLR2 has been shown to recognize VV in vivo 15 ; and (2) both polyclonal and clone 4 TLR2 Ϫ/Ϫ CD8 T cells behaved similarly to their MyD88 Ϫ/Ϫ counterparts in response to VV infection in vivo.
The course of CD8 T-cell response after an acute infection or vaccination consists of 3 distinct phases: clonal expansion and development of effector functions, subsequent contraction of the majority of effector T cells, and generation of long-lived memory cells from the surviving cells. [26] [27] [28] The signals that regulate the survival of effector T cells and promote the generation of memory cells remain largely unknown. Previous studies have suggested that effector CD8 T cells that up-regulate the expression of IL-7R␣ 39 or CD8␣␣ homodimer 40 possess the ability to escape death during contraction and develop into long-lived memory cells. However, other studies have demonstrated that IL-7R␣ expression might not necessarily identify memory CD8 T-cell precursors 41, 42 and that memory CD8 T cells can develop in the absence of CD8␣␣. 43 Here we provide evidence that, although TLR signaling through both CD8 T cells and APCs is required for efficient clonal expansion, it is direct TLR2-MyD88 signaling that is critical for effector CD8 T cells to survive the contraction phase to develop into memory cells.
It is not clear why the majority of effector CD8 T cells that have received direct TLR signals still undergo massive contraction. One possibility could be that TLR ligands provided by the pathogen become limited at the onset of contraction resulting from clearance of the pathogen. Another possibility could be that the effector T cells may become progressively refractory to TLR signals, especially after the withdrawal of antigenic exposure and other survival signals, such as type I IFNs. 44 It has been shown that repeated exposure of APCs to lipopolysaccharide can induce endotoxin tolerance either through down-regulation of TLR4 expression or reduction of TLR4-MyD88 complex formation. 45 ,46 Whether similar TLR pathway down-regulation occurs in activated effector CD8 T cells requires further investigation.
How does direct TLR2-MyD88 signaling in CD8 T cells promote their survival? Previous studies in vitro have shown that the TLR9 ligand CpG DNA enhances survival of activated CD4 T cells in an MyD88-dependent manner, and this increased survival is associated with NF-B activation and up-regulation of the survival molecule, Bcl-X L . 14 This suggests that direct TLR ligation on T cells may confer survival signals via a pathway that activates both the PI3K signaling pathway and NF-B. 35, 47 Consistent with this, a recent report shows that stimulation of CD4 T cells with anti-CD3 monoclonal antibody in the presence of CpG DNA induces an association of PI3K with MyD88, leading to phosphorylation of PI3K downstream targets, Akt and GSK-3. 12 Similarly, we have demonstrated here that Akt activation as well as proliferation and survival of activated CD8 T cells are enhanced on direct stimulation of TLR2 on CD8 T cells. This observed increase in CD8 T-cell proliferation and survival was entirely dependent on activation of the PI3K-Akt pathway. Furthermore, Akt activation was critically required for CD8 memory T-cell formation in response to viral infection in vivo.
The mechanism by which Akt promotes survival downstream of TLR2-MyD88 signaling in CD8 T cells is unknown. Akt has many downstream substrates that have been shown to regulate survival of T cells under various conditions. It is possible that, similar to studies in activated CD4 T cells, Akt activation may regulate CD8 T-cell survival via direct regulation of prosurvival members of the Bcl-2 family. 14 Indeed, previous studies from our laboratory have demonstrated that activation of Akt is responsible for the upregulation of Bcl-X L after CD8 T-cell activation in vitro. 19 Another possibility is that Akt could inactivate its downstream target, FOXO, leading to inhibition of proapoptotic molecules, such as Bim. 48, 49 Akt could also activate GSK-3, resulting in increased glycogen synthesis and cell survival. 50, 51 Future studies will be needed to address the mechanism by which Akt promotes activated CD8 T-cell survival.
In conclusion, we have shown that, in addition to TLR-mediated promotion of DC function, direct TLR2-MyD88 signaling in CD8 T cells is crucial for their clonal expansion in response to viral infection in vivo. This is achieved by promoting the survival of effector CD8 T cells via a mechanism dependent on activation of the PI3K-Akt pathway. Furthermore, effector CD8 T cells do not survive the contraction phase to differentiate into long-lived memory cells in the absence of intrinsic TLR signaling. These results identify a critical role for direct activation of TLRs in CD8 T-cell clonal expansion and memory formation after viral infection in vivo and may shed light on the design of effective vaccines.
